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Solid polymer electrolytes (SPEs) have the potential to enhance the safety and 
energy density of lithium batteries. However, the poor interfacial contact between the 
lithium metal anode and SPE leads to high interfacial resistance and low specific capacity 
of a battery. In this work, we present a novel strategy to improve this solid-solid interface 
problem and maintain good interfacial contact during battery cycling by introducing an 
adaptive buffer layer (ABL) between the Li metal anode and SPE. The ABL consists of 
low molecular weight polypropylene carbonate (PPC), poly(ethylene oxide) (PEO) and 
lithium salt. Viscoelastic properties obtained by rheology experiments indicate that ABL 
has better liquid-like properties than PEO SPE. The ABL also has higher ionic conductivity 
than PEO SPE. In the presence of ABL, the interface resistance of the 
Li/ABL/SPE/LiFePO4 battery only increased 20% after 150 cycles, whereas that of the 
battery without ABL increased 117%. In addition, since ABL makes a good solid-solid 
interface contact between Li metal anode and SPE, the battery with ABL delivered an 
initial discharge specific capacity of >110 mAh/g, which is nearly twice that of the battery 
without ABL (60 mAh/g). Moreover, ABL is able to keep this good interfacial contact 
during battery cycling, which makes the Coulombic efficiency of the battery more stable. 
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 CHAPTER 1.  INTRODUCTION  
 
1.1 Lithium Batteries 
Chemical batteries have played important roles in energy storage and conversion [1, 
2]. Nowadays, among all of the available battery technologies, lithium batteries are regarded 
as the most promising ones because of their relatively higher energy density and design 
flexibility [1]. In the market, rechargeable lithium ion batteries (LIBs) are one of the most 
mature and promising candidates among all kinds of lithium-based batteries. LIBs are key 
components of the portable, entertainment, computing, transportation and 
telecommunication equipment in modern society. 
The electrode material is one of the most interesting topics in battery technology.         
LIBs store electrical energy in electrodes made of lithium-intercalation or insertion 
compounds. On the anode-side, graphite (C6) with a theoretical capacity of 372 Ah/kg is a 
commercial choice. Silicon, lithium titanate spinel Li4Ti5O12 (LTO) and lithium vanadates 
Li3VO4 (LVO) are also popular anodes of LIBs. On the cathode-side, lithium cobalt oxide 
LiCoO2 with a theoretical capacity of 274 Ah/kg is a commercial choice. Besides, several 
alternatives to LiCoO2, such as lithium manganese oxide LiMn2O4, lithium nickel oxide 
LiNiO2 and lithium iron phosphate LiFePO4, have been developed. In my master thesis 
project, LFP was selected as the cathode material. Olivine-structured LFP was first proposed 
in the late 1990s, by Padhi et al [3], and the structure of LFP is shown in Figure 1.1 [1]. This 
is the first cathode material using low cost, plentiful, and environmentally friendly elements 
such as Fe or Mn that could have a significant impact on electrochemical energy storage [1]. 
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If we use graphite as anode material, the charge process can be described with following 
reactions: 
Anode:                                xLi + xe +  C  ⎯⎯⎯  Li C                                                 (1)                                          
Cathode:                             LiFePO  ⎯⎯⎯  Li FeO + xLi + xe                                (2) 
Cell reaction:                      C + LiFePO  ⎯⎯⎯  LiC + FePO                                          (3) 
 
Figure 1.1. The structure of LiFePO4. Reproduced with permission [2]. Copyright 2011, 
American Chemical Society. 
 
Although LIBs have had a profound impact on our daily life, the inherent drawbacks 
of Li-ion chemistry, such as relatively low energy density, limit their further development. 
For these reasons, battery chemistries beyond Li-ion really need to be improved [1]. Lithium 
metal is an ideal choice for the anode in a lithium-based battery due to its highest theoretical 
capacity (3,860 mAh/g), which is more than ten times that of graphite (372 mAh/g), and 
lowest electrochemical potential (-3.04 V versus the standard hydrogen electrode) of all 
possible candidates [4,5]. Moreover, state-of-the-art Li-ion batteries can reach a specific 
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energy of ~250 Wh/kg, which is an order of magnitude lower than petrol (gasoline). When 
lithium metal is used as the anode of lithium batteries, a Li-LMO battery (M represents a 
transition metal, such as Co, Ni and Mn) is able to deliver a specific energy of ~440 Wh/kg. 
Moreover, in the Li-S and Li-air systems, they can further boost the specific energy to ~650 
Wh/kg and ~950 Wh/kg, respectively [4]. The comparison of specific energy and energy 
density between different systems of batteries mentioned above is shown in Figure 1.2 [4].   
 
 
Figure 1.2. Bar chart showing the practical specific energy (pink) and energy densities 
(blue) of petrol (gasoline) and typical Li batteries including the state-of-the-art Li-ion 
battery, the Li metal/LMO cell, Li–S and Li–air cells. Reproduced with permission [4]. 
Copyright 2017, Nature Publishing Group. 
 
Along with electrodes, the electrolyte is another indispensable part of a battery. 
Normally,  conventional lithium batteries use organic liquid electrolytes, which have 
relatively high ionic conductivity; however, they also suffer from serious safety problems 
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due to their low flash point, toxicity and complex side reactions with electrodes, which 
inhibits their further development. Thus, studies on safer and more reliable electrolytes for 
lithium batteries are urgent and obligatory. 
  
1.2 Solid-state Electrolytes (SSEs) 
To solve the safety problem of the traditional organic liquid electrolyte, there is a 
growing interest in solid-state electrolytes for lithium batteries due to their low- or non-
flammability. SSEs generally have two categories: inorganic ceramic electrolytes and solid 
polymer electrolytes (SPEs) [6,7]. The list of inorganic ceramic electrolytes mainly includes 
oxide-based ceramic electrolyte such as NASICON-Like ceramic electrolytes [8,9], garnet 
structure electrolytes [10], and sulfide-based ceramic electrolytes [11,12]. The organic SPEs 
also have various categories such as poly(ethylene oxide) (PEO)-based SPE [13], 
polypropylene carbonate (PPC)-based SPE [14], polysiloxane-based SPE [15-17] and single 
lithium-ion conducting SPE [18-20]. Compared to inorganic solid electrolytes, SPEs, in 
general, have better flexibility, wider electrochemical stability windows and lower cost. In 
my master thesis project, I focused on the research about SPEs. 
The studies of SPEs started with PEO by incorporating this polymer with lithium 
salts to form cations and anions in an SPE system. PEO is a polyether compound with a 
chemical structure of H-(O-CH2-CH2)n-OH (Figure 1.3) [21]. PEO is able to complex with 
lithium salt to form polymer electrolytes. The EO units have a high donor number for Li+ 
and high chain flexibility for promoting rapid ion transport. The mechanism of Li+ transport 
in a PEO matrix is shown in Figure 1.4 [21]. The lithium ions are coordinated by the ether 
oxygen atoms on a segmental PEO chain in a similar way to their complexation by organic 
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carbonates. Li+ transport occurs by intrachain or interchain hopping in the PEO-based 
electrolyte when the lithium-oxygen bonds (Li-O) break and reform. Accompanied by the 
gradual replacement of the ligands for the solvation of Li+, the continuous segmental 
rearrangement results in a long-range displacement of lithium ions. 
 
 
Figure 1.3. Structure of PEO. Reproduced with permission [21]. Copyright 2015, Royal 




Figure 1.4. Mechanism of ion transport in PEO. Reproduced with permission [21]. 
Copyright 2015, Royal Society of Chemistry. 
 
   6 
 PEO is a semi-crystalline polymer, and temperature has a great impact on the 
activity of segmental motion in this polymer. When the temperature is higher than the glass 
transition temperature (Tg), the amorphous phase in PEO with activated chain segments is 
able to aid the transportation of Li+. In contrast, at low temperatures (lower than Tg), the 
segmental motion of the polymer chains is slow, which leads to high ion resistance. The 
schematic morphologies of semi-crystalline PEO is shown in Figure 1.5 [21]. To obtain a 
satisfactory Li+ conductivity of PEO-based electrolyte for lithium batteries, the batteries 
need to be run at high temperature, around the melting point (Tm), and the crystalline of 
polymer is melted.  
 
 
Figure 1.5. Schematic of morphologies of semi-crystalline PEO. Reproduced with 
permission [21]. Copyright 2015, Royal Society of Chemistry. 
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The low ionic conductivity of PEO-based electrolytes at ambient temperature (10-7 
– 10-6 S/cm) limits their application in batteries for use in everyday life. To increase the 
ionic conductivity of PEO SPE, the addition of fillers such as Al2O3 [22], SiO2 [23], ZnO 
[24], Li6.75La3Zr1.75Ta0.25O12 (LLZTO) [25] and Li1.3Al0.3Ti1.7(PO4)3 (LATP) [26] is really 
helpful. The large surface area of the nano-size fillers is able to prevent the recrystallization 
of PEO chains during the cooling process from high temperature (>Tg) [27]. Besides, as 
solid-state electrolyte, the poor solid-solid interface contact between electrode material and 




To solve the problem of poor interfacial contact between electrodes and SPE, gel 
polymer electrolyte (GPE), which combines the organic liquid electrolyte and polymer 
matrix, was introduced [28]. Because it contains the liquid electrolyte, GPE is able to have 
good interfacial contact with electrodes. However, the incorporation of liquid electrolyte 
decreases the safety of batteries. 
In this work, to develop a safer strategy to improve the interfacial contact between 
Li metal and SPE, we designed an ABL based on polymer inspired by the concept of “self-
healing”. Self-healing is the ability to repair damage spontaneously and has widely used in 
battery technology, such as cathode materials of LiMn2O4 and LiTi2(PO4)3 [29] and anode 
material of silicon [30]. As shown in Figure 1.6, for the battery without ABL, the 
interfacial contact between lithium metal and SPE will become poor as the surface of 
the lithium metal deforms during cycling. In contrast, ABL is able to maintain good 
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surface contact by filling the bumps and voids on lithium metal formed during 
batteries cycling [31]. This characteristic of ABL is attributed to low MW PPC (M.W. 
~2,000 Da). PPC is a copolymer of propylene oxide and carbon dioxide and the structure 
of PPC is shown in Figure 1.7. As a new amorphous aliphatic polycarbonate, the local 
relaxation and segmental motion of PPC is favorable for the conduction of lithium ions [14]. 
Besides, the PPC has a lower glass transition temperature than PEO [32], which makes 
the PPC-based SPE a promising candidate for the ABL for the battery. Due to the low 
Tg, PPC-based ABL shows some semi-liquid fluidity at battery working temperature (i.e. 
50 °C). During battery cycling, the PPC SPE is able to deform with the shape change 
of Li, so it can play a role of ABL between the Li metal anode and SPE to maintain 
good interfacial contact. However, the interface between pure PPC-based SPE and 
lithium metal anode is unstable because of the high concentration of dissociable 
hydroxide protons at the end of the low MW PPC chains. Moreover, the fluidity of 
pure PPC SPE is so high that it cannot generate a membrane and can be easily 
squeezed out while assembling batteries, which prevents the PPC SPE from having 
an impact on the battery. To address this problem, we mixed PPC and lithium salt 
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Figure 1.6. Schematic of the interface contact between Li metal anode and SPE before 




Figure 1.7. Structure of PPC. 
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CHAPTER 2.  Experimental Section 
 
2.1 Materials 
Poly(ethylene oxide) (PEO, M.W. 600,000, Sigma-Aldrich), poly(propylene 
carbonate) (PPC, M.W. ~2000, Novomer Inc.), bis(trifluoromethane)sulfonimide lithium 
salt (LiTFSI, Sigma-Aldrich), acetonitrile (Alfa Aesar), LiFePO4 powder (LFP, MTI 
Corporation), Super P (MTI Corporation). 
 
2.2 Preparation of Solid Polymer Electrolyte Membrane (SPE) and Adaptive 
Buffer Layer (ABL) 
PEO, PPC and LiTFSI were carefully dried at 60 °C overnight before use. PEO and 
LiTFSI were dissolved in acetonitrile (AN) and stirred for 24 h. The molar ratio of EO:Li 
was set to 8:1. After stirring, the SPE slurry containing PEO and LiTFSI was coated onto 
the stainless steel disk (0.001 in. thickness, TBI Corporation) or LFP cathode, and dried at 
60 °C for 12 h to obtain samples for ionic conductivity or battery tests. The surface area of 
the stainless steel electrode for conductivity test is 0.785 cm-2, and the thickness of SPE 
membrane is around 150 µm. To prepare the ABL, PEO, PPC and LiTFSI were dissolved 
in AN and stirred for 24 h. The mass ratio of PEO and PPC was set to 1:1, and the molar 
ratio of both of EO:Li and PC:Li were set to 8:1. After stirring for 24 h, the ABL solution 
was cast onto the stainless steel for conductivity tests or onto the top of SPE membrane for 
battery tests. The thickness of ABL is around 10 µm in the full battery. The above electrodes 
were transferred into an argon-filled glovebox and dried at 60 °C for 12 h. 
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2.3 Ionic Conductivity Measurments of SPEs 
The ionic conductivities of the SPEs were measured by electrochemical impedance 
spectroscopy (EIS) with an AC amplitude of 10 mV in the frequency range of 1 MHz - 0.1 
Hz. The measurments were performed on a Bio-Logic SAS at various temperatures ranging 
from 30 °C to 70 °C. The PEO and ABL were separately sandwiched between two stainless 
steel round disks inside a 2032 type coin cell for testing. The batteries were kept at each test 
temperature for 30 min to reach thermal equilibrium. The ionic conductivity (σ) of SPEs 
could be calculated by the resistance (R), the electrode area (S) and the electrode thickness 
(L), according to the following equation:   
 
                                                                  σ = L/(R·S)                                                        (4) 
 
2.4 Electrochemical Test and Material Characterization  
A composition of 60:20:12:8 of LiFePO4/PEO/Super P/LiTFSI was used in the 
cathode slurry. These components were dispersed in AN and stirred overnight. The slurry 
was cast onto carbon-coated aluminum round disks with 1 cm diameter. After drying at 70 
°C for 12 h, the LFP cathode was obtained. The mass loading of LiFePO4 on the cathode 
ranged from 3.5 to 4.0 mg/cm2. To get the cathode with SPE, the PEO SPE solution was 
directly cast onto the LFP cathode. After drying the SPE layer in a vacuum dryer overnight, 
they were transferred into the glovebox and heated at 70 °C for 12 h to remove the remaining 
trace of solvent. For the cathodes with ABL, the ABL solution was cast onto PEO SPE in 
the glovebox and dried for another 12 h. The full battery consisting of Li metal anode, SPE 
(with or without ABL) and LFP cathode were assembled into a 2031 coin cell inside the 
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glovebox. Batteries were cycled using an 8-channel (Wuhan LANHE electronics 
Corporation) battery tester in a temperature chamber (Tenney Environment, Thermal 
Product Solutions). To visualize the change of interfacial contact between Li metal and SPE, 
the battery was deeply discharged to 10 mAh at 0.04 mA/cm2. The morphology of interfacial 
contact between Li metal and SPE after deep discharge was characterized by scanning 
electron microscopy (SEM, Hitachi 8230). All the tests of full batteries were conducted at 
50 °C. 
The total ionic conductivity measurements of full batteries were performed on a Bio-
logic SAS. EIS measurements were performed at frequencies ranging from 1 MHz to 0.1 
Hz before and after battery cycling at various temperatures (from 30 °C to 70 °C). The bulk 
resistance (Rb) and interface resistance (Rint) were fitted from the EIS curve. The total ionic 
conductivity (σt) of the full battery were calculated from the total resistance (Rt), the 
electrode area (S) and the electrode thickness (L), according to the following equation: 
                                                              Rt = Rb + Rint                                                          (5) 
                                                              σt = L/(Rt·S)                                                          (6) 
 
2.5 Rheological Measurements 
 A cone-plate geometry in an Anton Paar MCR 501 was used to measure the 
rheology. The diameter of the cone, the cone angle, and the truncation height is 25mm, 2 
degrees, and 0.051mm, respectively.  Frequency sweeps were performed at an applied strain 
amplitude of 0.1 at 50 °C. 
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CHAPTER 3. Results and Discussion 
 
3.1 Fluidity of ABL 
The ABL exhibits semi-liquid fluidity at 50 °C. PEO SPE, ABL and PPC SPE 
solutions were poured into three vials, dried for 24 hours in the fume hood at 70 °C, 12 
h in the vacuum dryer and 12 h in the glovebox at 70 °C to completely remove the 
solvent. The vials were then laid horizontally on the bench. The PEO SPE showed 
nearly no fluidity and remained stuck to the bottom of the vial (Figure 3.1a). The 
ABL exhibited some fluidity and formed a sloped surface near the bottom of the vial 
(Figure 3.1b). However, the PPC SPE showed high fluidity and spread flat in the vial 
(Figure 3.1c). Besides, the surface condition of the cathode with ABL is obviously 
different from the one without ABL. In this work, LFP was used as cathode material 
of full batteries [34]. To reduce the interfacial resistance between SPEs and cathode, 
the SPE solution was directly cast onto the electrode. The surface conditions of the 
cathodes without and with ABL are obvious different. As shown in Figure 3.2a, the 
surface of the cathode without ABL was dark and uneven; on the contrary, the one 
with ABL was smooth and reflective (Figure 3.2b). 
 
 
Figure 3.1. The completely dried (a) PEO SPE, (b) ABL, and (c) PPC SPE. 
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Figure 3.2. The surface conditions of the LFP cathodes with solid polymer electrolyte 
(a) without and (b) with ABL. 
 
3.2 Viscoelastic Property of ABL    
  Viscoelasticity is the property of materials that exhibit both viscous and elastic 
characteristics while undergoing deformation. Viscous materials, like water, resist 
shear flow and strain linearly with time when a stress is applied. Elastic materials 
strain when stretched and immediately return to their original state once the stress is 
removed. Most materials are viscoelastic materials as they possess both viscous and 
elastic properties. A rheology test was used to measure the viscoelasticity of 
materials. A picture of the rheometer used is shown in Figure 3.3a, and a schematic 
of the rheometer is shown in Figure 3.3b. While testing the rheology, a specific strain 
rate is applied to the instrument. The stress response σ (t) of a viscoelastic material is 
given by, 
 
                             σ(t) = G’(ω)ϒ0sin(ωt) + G’’(ω)ϒ0cos(ωt)                                   (7) 
 
Storage modulus, G’(ω), and  loss modulus, G’’(ω),  characterize the solid-like and 
fluid-like contributions, respectively. 
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Figure 3.3. (a) Picture of the rheometer. (b) Schematic of the rheometer. 
 
  To quantify the viscoelastic properties of PEO SPE and ABL, rheology 
experiments were carried out by rheometer with various strain rates at 50 °C. For a 
given viscoelastic sample, when the strain rate is low, viscous characteristics will 
dominate, and the materials will behave more like a liquid; when strain rate is high, 
elastic property will dominate. Figure 3.4a and 3.4b show the results of rheological 
measurement of PEO SPE and ABL, respectively. The intersection value of storage 
modulus and loss modulus of PEO SPE is ~ 0.033 s-1, and that of ABL is ~ 0.12 s-1. 
Since the intersection value of ABL was higher than that of PEO SPE, the ABL 
behaves like a liquid more [35]. 
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Figure 3.4. Characterization of the viscoelastic property with rheological study of (a) 
PEO SPE, and (b) ABL. 
 
3.3 Ionic Conductivities 
For SPEs, high ionic conductivity and capacity retention over battery cycling are of 
vital importance. At the same current density, the battery with higher ionic conductivity will 
have lower ohmic voltage loss, more complete reactions, and higher specific capacity of 
electrode material. The ion conductivity was measured by EIS in a 2032 type coin cell, in 
which the SPE and ABL/SPE were sandwiched between two stainless steel disks.  Figure 
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Figure 3.5. Schematic of the structure of the battery for ionic conductivity test. 
 
The ionic conductivity tests of PEO SPE and ABL were carried out at various 
temperatures, ranging from 30 °C to 70 °C. Due to the virtue of the low Tg, PPC is supposed 
to increase the ionic conductivity of ABL [14]. As shown in Figure 3.6, the results are 
consistent with our hypothesis. The ABL has higher ionic conductivity than PEO SPE at all 
measured temperatures.  
 
Figure 3.6. Arrhenius plots of the conductivity of PEO SPE and ABL. 
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In an as-made battery containing solid electrolyte, the overall voltage ohmic loss is 
related to the mobility of Li+ and the number of carriers in the solid electrolyte. After battery 
cycling, however, the surface deformation of lithium metal anode will cause the loss of 
intimate contact between the anode and the solid electrolyte. The poor interfacial contact 
deteriorates lithium ion transport and decreases the overall ionic conductivity. On the other 
hand, ABL is able to maintain good interfacial contact between Li metal anode and SPE, 
keeping the interface resistance of the full battery from increasing during battery cycling. 
To study the change of interfacial contact before and after battery cycling, we assembled 
and tested (at 50 °C and 1C rate) Li/SPE/LiFePO4 and Li/ABL/SPE/LiFePO4 full batteries. 
The structure of the batteries is shown in Figure 3.7. 
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The interface resistance of the full battery was measured by EIS before and after 150 
cycles. Figure 3.8 shows the fitting results of EIS at 50 °C and inset of the figure 
demonstrates the equivalent circuit model for the impedance spectra [36]. Re and Rint 
represent the bulk resistance and interface resistance, respectively. The interfac resistance 
increased drastically, from 202 Ω to 439 Ω (117%), for the battery without ABL; in contrast, 
there was only a 20% increase, from 156 Ω to 187 Ω, for the one with ABL. Furthermore, 
the EIS tests were carried out at various temperatures, from 30 °C to 70 °C, to measure the 
total conductivity of full battery which are calculated from total resistance (Rt) according to 
equation (6). The Rt is the sum of bulk resistance (Rb) and interfac resistance (Rint). The total 
conductivity of the full battery was shown in Figure 3.9a and 3.9b. The battery without ABL 
had an obvious decay of conductivity after cycling as indicated by the blue arrow in Figure 
3.9a. In contrast, there was nearly no change in the ionic conductivity of the battery with 
ABL, indicating the ABL has great impact on ionic conductivity retention.  
 
 
Figure 3.8. Nyquist plots of full batteries at 50 °C. 
 
 
   20 
 
Figure 3.9. Arrhenius plots of the conductivities of full batteries (a) Li/SPE/LiFePO4, (b) 
Li/ABL/SPE/LiFePO4 before and after 150 cycles. 
 
3.4 Electrochemical Performance 
  The rate capabilities of the Li/SPE/LiFePO4 batteries were presented in Figure 
3.10. The battery with ABL shows good capacity retention, and obviously higher 
specific capacities at various current rates than the one without ABL. 
 
Figure 3.10. Comparison of the rate performance of Li/SPE/LFP batteries with and 
without ABL. 
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  Figure 3.11a and 3.11b show the charge-discharge voltage profiles. With the 
increase of the current density, the voltage platform gradually becomes shorter, 
because of the polarization effect of cathode at high current densities [37]. The battery 
with ABL was able to deliver higher capacity than the one without ABL. 
 
 
Figure 3.11. Charge and discharge voltage vs. discharge specific capacity profiles of 
Li/SPE/LFP at various rates (a) without, and (b) with ABL. 
  Capacity retention and Coulombic efficiency of batteries at 1 C and 50 °C were 
shown in Figure 3.12a and 3.12b. The initial discharge specific capacities of the 
batteries with and without ABL were 110 mAh/g and 60 mAh/g, respectively.  
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Figure 3.12. The capacity retentions and Coulombic efficiency at 1 C, 50 °C, (a) without 
and (b) with ABL. 
 
 
  To visualize change of the interfacial contact between Li metal anode and SPE, 
a deep discharge of the Li/SPE/Li symmetric cell to 20 mAh/cm2 was run at a low 
current density, 0.04 mA/cm2. Figure 3.13a shows the SEM image of the cross section 
of the battery without ABL after deep discharge where the obvious gaps between 
lithium metal anode and SPE were observed; in contrast, the battery with ABL still 
kept good interfacial contact (Figure 3.13b). 
 
 
Figure 3.13. SEM images of the cross section for Li/SPE/LFP batteries after deep 
discharge to 10 mAh/cm2 at 0.04 mA/cm2 current density (a) without and (b) with ABL. 
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CHAPTER 4.  Conclusion and Perspective 
In summary, we have successfully designed and fabricated an ABL to improve 
the interfacial contact between the Li metal anode and SPE, and to maintain good 
interfacial contact during battery cycling. From the rheology test, ABL showed better 
liquid-like properties at 50 °C, which helped the SPE adapt to the shape change of 
the anode during battery cycling. After cycling, the increase in interface resistance 
for the battery with ABL (20%) was lower than the one without ABL (117%). Due to 
the improved interfacial contact between Li and SPE, the initial specific discharge 
capacity of Li/ABL/SPE/LFP battery (110 mAh/g) was nearly twice that of the 
battery without ABL (60 mAh/g). Besides, since ABL is able to keep good interfacial 
contact, the battery with ABL delivers more stable Coulumbic efficiency during 
battery cycling. Our work offers a new way to maintain stable interfaces between 
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